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1. Introduction  1 
 2 
Previously we proposed that 3D ultrasound was a good candidate to track soft tissue 3 
3D motion within the abdomen, for example the respiratory motion of the liver, for 4 
the purpose of real-time image-guided radiotherapy (IGRT) (Hsu et al 2005). The 5 
principal motivation for developing methods of real-time IGRT to monitor tissues 6 
during radiotherapy is to reduce the geometrical margins that are used to account for 7 
motion, as they result in increased of radiation to normal tissue and are a dose-8 
limiting factor (reference). Initial work established the method in 2D (Hsu et al. 9 
2005), demonstrating ultrasonic speckle-tracking of a moving phantom whilst the 10 
treatment machine was operating. We extended this method to 3D and measured the 11 
accuracy and precision of 3D displacement estimation using a commercially available 12 
3DUS abdominal probe which forms a volumetric image by sweeping a 1DUS 13 
transducer array through a pre-selected sweep angle (Harris et al. 2007). A “step and 14 
shoot” scenario was used in which 3D ultrasound images of a stationary tissue-15 
mimicking phantom were acquired before and after the application of a known 16 
displacement. This enabled characterisation of tracking performance as a function of 17 
probe-related parameters, such as imaging depth and spatial sampling frequency, and 18 
as a function of magnitude and direction of displacement.  Tracking performance was 19 
shown to deteriorate with both imaging depth and magnitude of displacement.  20 
Accuracy was significantly worse in the elevational and azimuthal probe directions 21 
due to poorer spatial resolution and spatial sampling in these directions. The 22 
conclusion from this work was that for adequate tracking of motion in these 23 
directions, the inter-volume displacement must be less than approximately 2mm. In a 24 
further study (Harris et al. 2010), we demonstrated the feasibility of tracking features 25 
within the liver using 3D ultrasound in vivo. The tracking algorithm was used to 1 
measure the displacements of both blood vessel features and regions of homogenous 2 
tissue and these automated results were compared with manually tracked 3 
displacements obtained from visual analysis. It was found that whilst the algorithm 4 
could successfully track blood vessel features over large displacements and for 5 
several breathing cycles, automated speckle-tracking of homogenous tissue was not 6 
feasible for displacements of more than a few millimetres without significant errors; 7 
furthermore, these tracking errors accumulated with time.  8 
 9 
The aim of the current work was to investigate further the factors that affect accuracy 10 
of tracking ultrasonic speckle in the absence of any structural information, which 11 
mimics the situation in homogenous tissue. Ideally, we would like to be able to track 12 
homogeneous parts of the liver, as liver lesions may not be proximal to a hepatic 13 
feature such as a blood vessel. In the “step and shoot” study described above (Harris 14 
et al. 2007), we investigated the effect of the magnitude and direction of displacement 15 
in the absence of object motion. Motion-related parameters that may affect tracking 16 
performance include object speed, rotation, acceleration and deformation.  This study 17 
investigated how object speed alone affects 3D speckle-tracking accuracy and 18 
precision in the azimuthal and elevational directions, which were previously shown to 19 
limit the accuracy of displacement estimation.  20 
 21 
2. Methods 22 
2.1 4D-ultrasound hardware 23 
An Accuvix XQ ultrasound scanner (Medison Co., Ltd, Seoul, S. Korea) was used to 24 
acquire digital B-mode volumetric ultrasound images. The ultrasound probe used was 25 
a 3D curvilinear ultrasound probe with a frequency bandwidth of 4-7 MHz (Model: 1 
3D4-7EK, Medison Co., Ltd, Seoul, S. Korea).  The frame of reference for object 2 
motion is a Cartesian coordinate system. The three axes of motion x, y and z, are 3 
shown in Figure 1. These approximately correspond to the azimuthal, axial and 4 
elevational directions of the probe co-ordinate system, which is spherical. The precise 5 
relationship between the two coordinate systems (in terms of a geometrical 6 
transformation) can be found in Harris et al. (2007). 7 
 8 
The field of view (FOV) of the probe determines the size of the image matrix and is 9 
defined by the imaging depth (no. of rows (R)), the azimuthal angle (no. of columns 10 
or lines (L)) and the sweep angle (no. of frames (F)). The syntax [R, L, F] will be used 11 
to denote the size of an image matrix or sub-regions thereof. There is a trade off 12 
between volume acquisition rate and FOV; phantom images were of size [480, 124, 13 
75] which corresponds to a depth of 10cm, an azimuthal angle of 69° and elevational 14 
angle of 75°. This FOV was chosen because it produced a stable volume acquisition 15 
rate (of 1 volume per second). We found that the volume acquisition rate became 16 
unstable (i.e., the period of transducer motion varied over the course of the data 17 
acquisition period) when the FOV was reduced any further. For all experiments, the 18 
probe was held in a probe holder manufactured so that the spatial relationship 19 
between the holder and probe could be accurately reproduced (within ±0.2mm).   20 
 21 
2.2 Phantom-based measurements  22 
For convenience, object motion was simulated by moving the probe rather than the 23 
phantom, as in our previous studies. We used a quality assurance elasticity phantom 24 
manufactured from Zerdine® (Model 49 - CIRS inc., Norfolk, VA) because it 25 
produces an echo pattern consisting entirely of speckle, thereby simulating 1 
homogeneous tissue; features contained within this phantom are invisible during 2 
normal (non-elastrographic) operation of the scanner. A three-axis of motion 3 
translational stage (Nioutsikou et al. 2006) was used to move the probe. The 4 
ultrasound probe was mounted onto the stage so that it was aligned with the stage 5 
axes (see figure 2).  6 
 7 
Object speeds were chosen by considering the speeds of liver tissue as reported in the 8 
literature. Davies et al. (1994) estimated velocity by measuring liver displacements 9 
from ultrasound images acquired as 0.25s intervals and reported a value of 14 mm s-1 10 
in quietly breathing volunteers. In a study of liver motion using cine-magnetic 11 
resonance imaging, Kirilova et al (2008) found that the average total excursion in the 12 
cranial-caudal (CC), anterior-posterior (AP) and left-right (LR) directions was 15 mm, 13 
10 mm and 7.5 mm respectively, which gives an overall average 3D motion of 19.5 14 
mm. Yorke et al (2005) found the average period of motion of 9 liver cancer patients 15 
to be 5.4 ± 0.5 s. By combining these parameters (peak-to-peak amplitude = 19.5 mm 16 
and period = 5 s), and applying them to a cos2n model of respiration (Lujan et al. 17 
(1999)), using n = 1 (George et al. (2005)), the maximum non-instantaneous velocity 18 
(averaged over 0.25 s) is 28 mm s-1. We investigated tracking accuracy and precision 19 
for speeds of 0 to 35 mm s-1.  20 
 21 
Object displacement between ultrasound volume acquisitions (i.e., the inter-volume 22 
displacement) is dependent on the temporal resolution of the probe and the speed of 23 
the object. Our previous work demonstrated that tracking accuracy and precision were 24 
greatest for displacements of around 2mm tracking performance was measured as a 1 
function of object speed for inter-volume displacements of both 2 mm and 4 mm.  2 
 3 
Each data acquisition was carried out by pre-programming the motion platform to 4 
perform a particular motion sequence and then continuously recording 3D ultrasound 5 
data while the motion sequence was executed. For example, when the  desired inter-6 
volume displacement was 2mm, and the desired speed of motion was s mm s-1 in the x 7 
direction, the following motion sequence was programmed:  8 
 9 
1) From t = 0s to t = 5s, keep probe stationary at position x = 0mm  10 
2) At t = 5s, translate probe from x = 0 mm to x = 100 mm at speed s mm s-1 11 
3) Translate probe to x  = 2 mm  12 
4) Keep probe stationary at x = 2 mm until t = 5s + ∆t, where ∆t is an integer number 13 
of seconds 14 
5) At t = (5 + ∆t) s, translate probe to x  = 100 mm at speed s mm s-1. 15 
 16 
Motions 2 and 5 were displaced spatially by 2 mm and temporally by an integer 17 
number of seconds. This ensured that the displacement of the phantom between 18 
volumetric images acquired at time t and t + ∆t was 2 mm. Given that the volume 19 
acquisition rate was 1 vol/s, this resulted in an inter-volume displacement between the 20 
n
th
 and the (n + ∆t)th volumes of 2 mm. Similar motion sequences were employed to 21 
generate motion in the z-direction and with an inter-volume displacement of 4 mm. It 22 
should be noted that the maximum translation of the probe in any direction was 100 23 
mm, a limitation imposed by the hardware (the motion platform). 24 
 25 
The 3DUS probe acquired volumetric data using a 1D transducer array which was 1 
swept back and forth through a maximum elevational angle of 75°; it acquired 2 
consecutive frames of data at 1° intervals and therefore a volume image comprised a 3 
maximum of 75 frames. Consecutive volumes were acquired as the probe swept in 4 
opposite directions. Therefore when the probe was travelling in the z-direction, half of 5 
the volumes were acquired when the transducer was swept in the direction of motion 6 
and half were acquired when the transducer was swept in the opposite direction. 7 
These are referred to as prograde (PG) and retrograde (RG) volumes respectively. PG 8 
volumes have higher spatial sampling frequency and RG have lower spatial sampling 9 
frequency compared to when there is no motion.  For example, at depth 60 mm, the 10 
sample distance in the elevational direction is 1.75 mm at 0 mms-1; at s = 35 mms-1, it 11 
increases to 2.2 mm for RG volumes and decreases to 1.3 mm for PG volumes. A 12 
similar effect occurs when there is motion in the azimuthal direction. Tracking was 13 
performed in spherical co-ordinates and a geometrical transformation was applied to 14 
determine displacements in Cartesian co-ordinates (Harris et al 2007). The 15 
geometrical transformation assumes a constant spatial sampling frequency, which 16 
leads to an error in calculated Cartesian displacement when motion is present. This 17 
spatial sampling error was determined as a function of speed and the measured z-18 
displacements were corrected for it by addition or subtraction of the expected error.  19 
No correction was applied to the measured x-displacements, however, because the 20 
time between line acquisitions was just 9.1 × 10-5 s, leading to a maximum error of 21 
~0.04mm (when s was 35 mms-1),which was considered to be negligible.   22 
 23 
2.3 4DUS-based tracking software 24 
An in-house tracking algorithm using 3D cross-correlation based displacement 1 
estimation (Harris et al. 2010) was used. The program, which was written in 2 
MATLAB (The Mathworks Inc., Natick MA, USA), measured the displacement of a 3 
region of interest (ROI) of size [30, 10, 8], centred at a point of interest (POI) within 4 
the phantom, between the nth and the (n + ∆t)th volume. POIs were positioned on the 5 
central axis (see figure 1) at 9 imaging depths in the range 42mm to 92mm (at 6 
increments of 6.25mm), to determine tracking accuracy as a function of depth.  7 
 8 
We defined the accuracy as the mean error (averaged across 5 measurements) 9 
between the known displacement and the displacement estimated using the tracking 10 
algorithm. Per sequence, the number of displacement estimates depended on the 11 
number of volumes recorded during motion steps 2 and 5, which was inversely 12 
proportional to the speed. At higher speeds, there were fewer than 5 measurements 13 
per motion sequence. Therefore, multiple motion sequences were performed so that 14 
the mean error could be calculated over 5 displacement measurements. Multiple 15 
motion sequences were staggered so that independent speckle regions could be 16 
sampled.   Displacement estimation will vary as a function of axial, elevational and 17 
azimuthal position of the POI. The variation in displacement was investigated across 18 
the FOV. . POIs were placed at equidistant positions in a central region of the 19 
ultrasound field between spherical co-ordinate positions [200, 32, 23] and [440, 92, 20 
51] (see figure 1). At the greatest depth (R = 440) this corresponds to an imaging area 21 
of approximately 72 × 94 mm2. This smaller, central region of the FOV was used to 22 
account for the phantom displacement and because the phantom was smaller than the 23 
entire FOV.  Overall measurement precision was defined as the precision was defined 24 
as the variation across all 5 measurements at all POI locations. We also investigated 25 
the off-central axis variation for measurements at a given depth. The spatial variation 1 
was defined as the standard deviation of the measured displacement across the 2 
different elevational and azimuthal positions at the 9 imaging depths described above.   3 
 4 
3. Results:  5 
3.1 Accuracy as a function of speed and depth for motion in the x direction 6 
Figures 3 (a) and (b) give the mean error and the standard deviation (error bars) for 7 
displacement as a function of speed for displacements of 2mm and 4mm respectively. 8 
These are the mean and standard deviation of 5 measurements. Results are shown for 9 
depths of 42mm, 54mm, 60mm, 73mm, 85mm and 92mm. There was no statistical 10 
difference in the displacement estimation error for PG and RG volumes (Student t-11 
test, p <0.001). Accuracy is better than 0.1mm and 0.15mm for displacements of 2mm 12 
and 4mm respectively. This is consistent with displacement estimates measured using 13 
a static phantom (Harris et al. 2007), for which accuracy decreased as a function of 14 
magnitude of displacement. Both linear regression and Spearman correlation analysis 15 
found no significant correlation between the mean accuracy (averaged over all depths) 16 
and speed. Accuracy varies with depth but does not increase monotonically with 17 
depth. This behaviour was also previously observed and shown to be a result of bias 18 
in the sub-voxel interpolator (a 3-point Gaussian fit).  19 
 20 
3.2 Accuracy as a function of speed and depth for motion in the z- direction 21 
Figures 4 (a) and (b) give the mean error and the standard deviation (error bars) as a 22 
function of speed for displacements of 2mm for PG and RG volumes respectively. For 23 
both PG and RG volumes, no significant correlation with speed was found using 24 
linear regression analysis. These data have been corrected for the error due to the 25 
change in spatial sampling frequency with speed. Figure 5 gives the magnitude of the 1 
spatial sampling error as a function of speed for two depths, 42mm and 92mm. With 2 
spatial sampling correction, the accuracy for a 2mm displacement in the z-direction is 3 
better than 0.5mm for most speeds. Overall performance is better for imaging depths 4 
closer to the depth of elevation focus, which occurred at 60mm. The average accuracy 5 
(for all speeds) at 60mm wass 0.15mm for both prograde and retrograde motion. The 6 
average accuracy (across all speeds) was worst at depths 85mm and 92mm where it 7 
was ~ 0.25mm for prograde motion  and ~ 0.3mm for retrograde motion. .  8 
 9 
Figures 6 (a) and (b) give the mean error and the standard deviation (error bars) as a 10 
function of speed, for a 4mm displacement, for PG and RG volumes respectively. 11 
From figure 6(b), for RG volumes, the variation between repeat measurements 12 
increases significantly as a function of speed (large standard deviations) and tracking 13 
failures start to occur. Tracking failure is characterized by a mean error greater than 14 
2mm and a correlation coefficient of less than 0.3. This behaviour is not observed for 15 
PG volumes. For RG motion, the variation of mean error (error bars) with depth is 16 
greater at greater speeds and can be attributed to the failure of tracking which 17 
occurred at speeds of greater than 14mms-1 and depths greater than 60mm. .  18 
Accuracy was not poorer at greater depth for the PG volumes, indicating that the 19 
direction of motion relative to the direction of sweep motion influences tracking 20 
performance.  21 
 22 
3.3 Precision and spatial variation of tracking performance 23 
Thirty-five POIs were located at each depth R between spherical co-ordinate positions 24 
[R, 22, 23] and [R, 102, 51]. R is sampled at nine depths between 42 mm and 92 mm 25 
giving a total of 315 POI. The precision was calculated as the standard deviation 1 
across all R, all POIs and all repeat measurements. To calculate the  spatial variation 2 
at depth R, first, for each POI the mean error (average of five repeat measurements) 3 
was determined and then the standard deviation across of all mean error at depth R 4 
was found. Table 1 gives the precision, for 2mm and 4mm displacements in the z-5 
direction for speeds of 0, 0.5 10 and 35 mms-1,. Precision was observed to increase 6 
with speed and the was greater for a 4mm displacements. Overall, precision was less 7 
than 1mm for prograde motion and up to 9mm for retrograde motion at 35mms-1. In 8 
figures 7(a) and (b), spatial variation is plotted as a function of depth and speed for a 9 
2mm and 4mm displacements for both PG and RG motions. Spatial variation 10 
increases with depth and at higher depths it is greatest for retrograde motion than for 11 
prograde motion.  As speed increases, there are a higher number of tracking failures at 12 
the off-axis positions, i.e. column 22 or 102 and frame 23 or 51, than at central 13 
positions. For speeds of 10 mms-1 and above, both spatial variation and precision are 14 
very poor for retrograde motion.  15 
 16 
4. Discussion 17 
The aim of this study was to investigate the effect of object speed on tracking 18 
performance. 3D tracking accuracy as a function of speed has been investigated by 19 
Pernot et al. (2004). A point target in a phantom moving at speeds of up to 50mms-1 20 
was tracked. They showed that the displacement estimation error was approximately 21 
1% at 1 mms-1 increasing to 5% and 17% at 35 mms-1 and 50 mms-1 respectively. 22 
Inter-volume displacements were not kept constant and therefore these values are for 23 
displacements of 0.025 mm, 1.5 mm and 2.5 mm respectively. In other words, the 24 
measured relationship of tracking error with speed also included the effect of varying 25 
inter-volume displacement. The Pernot method used 3 insonification lines from a 1 
custom-built focussed phased array designed to deliver high intensity focused 2 
ultrasound (HIFU) to a depth of ~50mm. A point target was tracked and therefore, 3 
compared to tracking a volume of tissue, higher frame rates could be achieved.  This 4 
is more suited to HIFU or radiotherapy delivered using Cyberknife (ref) in which 5 
treatment is delivered to a series of points. We have evaluated a commercially 6 
available 3D probe, capable of imaging at abdominal depths, for application to motion 7 
tracking. This type of probe can be used first to locate the position of the lesion for 8 
patient set-up (Johnston et al. (2008), others). It can then be left in place during 9 
treatment, eliminating any probe pressure error (McNair et al.), to monitor intra-10 
fraction motion. A volume view would also enable the entire planning target volume 11 
(PTV) to be monitored and by using multiple ROIs, deformation of the target could 12 
also be monitored.  13 
 14 
This work has shown that increasing the speed of motion up to 35 mms-1 does not 15 
affect the accuracy of displacement tracking in the azimuthal direction. For a 2 mm 16 
displacement in the elevational direction, speed was also shown to have no 17 
measurable effect on accuracy. This is due to the fact that the tracked volumes (the nth 18 
and the (n + ∆t)th volume) were acquired under identical conditions, i.e. at the same 19 
object speed and zero acceleration. However, when the magnitude of displacement 20 
was increased from 2mm to 4mm, the tracking performance using retrograde volumes 21 
became very poor above object speeds of 14 mms-1. Also, for retrograde motion, 22 
tracking failures were observed when the POI was positioned away from the central 23 
axis and the object speed was greater than 10 mms-1. This was due to an increase in 24 
spatial sampling distance; undersampling of the speckle pattern caused decorrelation 25 
and consequently loss of tracking accuracy. This has previously been observed in 2D 1 
speckle-tracking to estimate blood flow velocities (Geiman et al.(2000)). In the latter 2 
study, the azimuthal direction had lower sampling frequency than the axial direction, 3 
which reduced the quantisation of the azimuthal velocity estimate. The results of the 4 
current study are also consistent with our previous work (Harris et al (2007)) in which 5 
different spatial sampling frequency settings were investigated and it was found that 6 
tracking failed at lower spatial sampling frequencies for larger displacements. For a 7 
4mm z-displacement, the average accuracy (for all speeds) is only less than 0.5mm 8 
for depths close to the elevational focus (60 mm) and worse at shallower and deeper 9 
depths (figure 6). However, sampling frequency is least at greater depths and 10 
therefore it is at these depths (73 mm, 85 mm and 92 mm) that the tracking 11 
performance deteriorates and as a result the number of tracking failures increases 12 
more quickly with speed This is seen as an increase in the variation of mean error 13 
(error bars) in figure 6. These tracking failures were also the reason for increasing 14 
spatial variation in mean error at greater depths and speeds above 10 mms-1 for 15 
retrograde motion.   16 
The data presented were corrected for the spatial sampling error, which for the z-17 
direction, depended on object speed, depth, inter-volume displacement and frame 18 
acquisition time. In practice, for in vivo tracking, tissue speed will be unknown and 19 
therefore a sampling error correction cannot be made. From figure 5, it can be seen 20 
that for the settings used in this experiment (temporal resolution 1 vols-1), and an 21 
object speed of 28 mms-1 (the average maximum liver speed calculated from the data 22 
presented by Kirilova et al), the sampling error for a 2mm displacement is 1.05 mm at 23 
a depth of 42mm. Thus if a swept probe is to be used, the time required to acquire a 24 
frame must be reduced. This could be achieved using parallel-receive processing in 25 
which the number of lines acquired at any one time is increased. An added benefit is 1 
that the volume acquisition rate would be increased, resulting in smaller inter-volume 2 
displacements. Assuming a maximum liver speed of 28 mms-1, a volume rate of ~ 15 3 
vols-1 would be required to attain the best 3D tracking performance (i.e., a 2mm inter-4 
volume displacement). A temporal resolution of 15 vols-1 would reduce the spatial 5 
sampling error to below 0.1mm. However, the volume rate of the probe would have to 6 
be further increased by a factor of two if displacement estimates were to be chosen 7 
from the prograde volumes only.  8 
 9 
Although there may be situations where it is possible to align the probe such that the 10 
smallest excursion of the liver occurs in the elevational direction, in general, the 11 
poorer tracking performance in the elevational direction will limit the accuracy of 12 
displacement estimation. Near the elevational focus (60mm), for a 2mm displacement, 13 
the accuracy is 0.15 mm. However, a consistent overestimation in displacement could 14 
accumulate to an unacceptable error if we were to track over a period of minutes, 15 
which would be typical for RT treatment. Indeed, such behaviour was observed when 16 
we tracked both features and speckle (homogeneous tissue) in vivo. A strategy to 17 
avoid this could be “re-zeroing” the object at a fixed point in each respiratory cycle, 18 
although this makes the assumption that the patient has not moved (i.e., that the global 19 
translation measured by the tracking algorithm is not real). The number of 20 
accumulated tracking errors would then be limited tothe breathing period multiplied 21 
by  ½ the volume acquisition rate (vol s-1). For a temporal resolution of 15 vol s-1 and 22 
a typical breathing period of 5s, the cumulative error would still be on the order of a 23 
few millimetres. Using the strategy described above, in order to keep accumulated 24 
tracking error to below 1.5 mm the accuracy should be reduced to approximately 25 
0.045mm i.e. by a factor of 3. Given that this work has not included the effects of 1 
rotation and deformation of the target, which may act to further reduce the current 2 
performance of speckle-tracking, this required improvement may still be optimistic. 3 
2D matrix arrays for abdominal imaging are now becoming available (ref Siemens, 4 
another Trahey paper?); these offer greater temporal resolution and do not employ a 5 
frame-by-frame acquisition sequence, presenting an attractive alternative to the 3D 6 
swept-probe. At greater temporal resolutions, inter-volume deformation and rotation 7 
will also be kept to a minimum and therefore it is likely that these probes offer the 8 
most promise for speckle tracking of homogenous tissue.   9 
 10 
 11 
Conclusions 12 
For object speeds of 0 to 35 mms-1, the accuracy of speckle-tracking was not affected 13 
by speed in the azimuthal direction. Adequate accuracy was also achieved at all 14 
speeds for motion in the elevational direction, provided the displacement was 15 
restricted to 2mm and measurements were performed at depths close to that of the 16 
elevational focus. However, for a 4 mm displacement in the elevation direction, 17 
tracking performance was poorer at higher speeds and retrograde motion. This was 18 
due to the reduction in spatial sampling frequency when the sweep direction was 19 
retrograde to object motion. Using the current technology, given the potential for 20 
cumulative errors, speckle tracking accuracy is too poor to track homogenous tissue 21 
and therefore in vivo tracking would be restricted to tracking features only.   22 
 23 
 24 
 25 
